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The adhesive interactions of endothelial cells with
each other and the adhesion receptors that mediate
these interactions are probably of fundamental im-
portance to the process of angiogenesis. We therefore
studied the effect of inhibiting the function of the
endothelial cell-cell adhesion molecule, PECAM-1/
CD31, in rat and murine models of angiogenesis. A
polyclonal antibody to human PECAM-1, which cross-
reacts with rat PECAM-1, was found to block in vitro
tube formation by rat capillary endothelial cells and
cytokine-induced rat corneal neovascularization. In
mice, two monoclonal antibodies against murine PE-
CAM-1 prevented vessel growth into subcutaneously
implanted gels supplemented with basic fibroblast
growth factor (bFGF). Taken together these findings
provide evidence that PECAM-1 is involved in angio-
genesis and suggest that the interactions of endothe-
lial cell-cell adhesion molecules are important in the
formation of new vessels. (Am J Pathol 1997,
151:671-677)

Angiogenesis is an essential feature of a number of im-
portant physiological processes (eg, wound healing, tis-
sue repair, and development)' and pathological condi-
tions (eg, tumor dissemination and diabetic retinopathy).?
Regardless of the context, angiogenesis represents a
complex multiple step process in which capillary endo-

thelial cells sever their normal cell-cell attachments, mi-
grate, and proliferate into the perivascular extracellular
matrix in which they eventually reform cell-cell associa-
tions to create new capillaries.® The adhesive interactions
of endothelial cells with each other and with the extracel-
lular matrix along with the adhesion receptors that medi-
ate these interactions are probably of fundamental impor-
tance to this process.*~®

The best characterized mediators of cellular adhesion
with the extracellular matrix are the integrin family of
receptors.”® Endothelial cells express a number of these
integrins, although the pattern of expression varies with
the vessel type (large versus small), the source of the
cells (cultured versus in situ cells), and the inflammatory
stimulus.®'° Recently, the involvement avg3 and avg5 in
in vivo angiogenesis has been demonstrated in avian,
rabbit, and murine models of angiogenesis.''~'4

Two vascular cell-specific cell-cell adhesion molecules
have been identified that localize to endothelial cell inter-
cellular junctions. The first is vascular endothelial cad-
herin, a 135-kd protein that, like other cadherins, medi-
ates a calcium-dependent homophilic adhesion.®'7” The
other is platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31),"8-20 3 130-kd membrane glycoprotein
of the immunoglobulin superfamily that is able to mediate
both homophilic and heterophilic adhesion.2" The distri-
bution of these two molecules in endothelial junctions is
close but clearly distinct. Cadherin molecules are found
mostly in subapical locations associated with adherens
junctions, whereas PECAM-1 is located at more basal
positions along the lateral plasma membrane.’® Also
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both associate with the actin cytoskeleton, although the
cadherin interaction seems to be stronger.'¢-22

Although our understanding of the structure-function
relationships of these endothelial intercellular adhesion
molecules has advanced quickly, their role in angiogen-
esis is only now emerging.2® Early studies’® however did
suggest a potential role for PECAM-1 in the formation of
new vessels. Endothelial cells plated in the presence of
anti-PECAM-1 antibodies adhered normally to the culture
plate but failed to establish tight cell-cell contacts and the
normal “cobblestone” appearance.™ Intact confluent
monolayers were not affected by the antibody. These
findings suggested that PECAM-1 in intercellular junc-
tions was inaccessible to the antibody or that PECAM-1
might be involved early on in the formation of endothelial
cell-cell associations but was not required for maintaining
those associations once they were established.

The purpose of this study was to investigate the pos-
sible role of PECAM-1 in angiogenesis. A polyclonal an-
tibody to human PECAM-1, which cross-reacts with rat
PECAM-1, was found to block in vitro tube formation by
rat capillary endothelial cells and cytokine-induced rat
corneal neovascularization. These findings were not lim-
ited to the rat endothelium as two monoclonal antibodies
against murine PECAM-1 in mice prevented vessel
growth into subcutaneously implanted gels supple-
mented with bFGF. Together these findings not only pro-
vide additional evidence that PECAM-1 is involved in
angiogenesis but suggest that the interactions of endo-
thelial cell-cell adhesion molecules are important in the
formation of new vessels.

Materials and Methods
Antibodies

The following antibodies were used: A rabbit polyclonal
antibody against angiotensin-converting enzyme (ACE)
(a generous gift from Dr. F. Joseph Roll, University of
California at San Francisco); a rabbit polyclonal antibody
against human PECAM-1;2* rat anti-mouse monoclonal
antibodies (mAbs) Mec 13.3%° and 390,26 against murine
PECAM-1; rat anti-murine ICAM-1, YN1;2” and rabbit
polyclonal antisera to rat g1 integrin (anti-R140) (gener-
ously provided by Dr. Clayton Buck, Wistar Institute, Phil-
adelphia, PA).2®

Cells

Rat microvascular endothelial cells (RFC) were isolated
from the epididymal fat pads of Sprague-Dawley rats and
cultured as previously described.2® RFC were passaged
and grown on 1.5% gelatin-coated tissue culture plates in
Dulbecco’s modified Eagle’s medium containing 10%
heat-inactivated fetal calf serum mixed 4:1 with sterile-
filtered conditioned bovine aortic endothelial cell media.
They were characterized as endothelial cells by their
ability to form tubes in culture, expression of von Wille-
brand factor and PECAM-1, and E-selectin inducibility in
response to tumor necrosis factor-a treatment.2°—31

Three-Dimensional Cultures

Three-dimensional cultures of RFC were made as previ-
ously described.3%32 Briefly, purified type | collagen was
solubilized in 10 mmol/L acetic acid at a concentration of
5.0 mg/ml and stored at 4°C. A measured amount of the
collagen with 1/10 vol of 10X Dulbecco’s modified Ea-
gle’s medium was neutralized with sterile 1 mol/L NaOH
and the solution was kept on ice. Cultured RFC were
added to the collagen preparation to achieve a concen-
tration of 106 cells/ml; 700 wl of the cell/collagen suspen-
sion was added to 12 mm of Millicell-HA (Millipore Prod-
ucts Division, Bedford, MA) filter chambers set into the
wells of a Costar 24-well tissue culture dish (Costar Corp.,
Cambridge, MA) and placed in a 37°C humidified 5%
CO, incubator for 10 minutes to permit polymerization of
the collagen. After gel formation, 1.5 ml of medium was
added per well allowing the cells to be fed from both the
top and bottom of the collagen gel. To elicit an angio-
genic response TGF-B1 (0.5 ng/ml, R & D Systems, Min-
neapolis, MN) was added to culture.

Inhibition of in Vitro Tube Formation

To assess the role of PECAM-1 molecules in the process
of in vitro tube formation, antibodies or synthetic peptides
were added to three-dimensional cultures of RFC. Final
working concentrations/dilutions of blocking reagents
were as follows: anti-PECAM-1 (1:40); anti-B1 integrin
(1:50); anti-angiotensin-converting enzyme (1:40); bovine
serum albumin (BSA)-GRGDSP (5 mmol/L); and BSA-
GRGESP (5 mmol/L).28 After 4 days of growth, the cul-
tures were rinsed three times with phosphate-buffered
saline, removed from the filter chambers, and snap fro-
zen in OCT embedding compound. Eight-micron cryostat
sections were placed on albumin-coated glass slides,
fixed for 1 minute at —20°C, and air dried. Greater than
12 individual sections were viewed under an inverted
Olympus IM microscope (Olympus Corporation, New
Hyde Park, NY) and photographed at a magnification of
X100 using XP-1 400 film. The photographs are repre-
sentative of three experiments. Tube formation was quan-
titated by determining the total length of tube structures
(vessel length/mm?) in 12 or more micrographs from
each experiment and performed in quadruplicate. The
NIH Image program was used to determine lengths of
tube formation.

Corneal Micropocket Model of Angiogenesis

In vivo anti-angiogenic activity was assayed in the avas-
cular cornea of Long Evans rat eye as previously de-
scribed.3334 Briefly, cytokine (ENA-78 or bFGF) without
or with antibody (500 ng) was combined with sterile Hy-
dron (Interferon Sciences Inc.) casting solution. Five mi-
croliters of aliquots (50 ng cytokines/pellet) were pipetted
onto the flat surface of an inverted sterile polypropylene
specimen container and polymerized overnight in a lam-
inar flow hood under ultraviolet light. Before implantation,
pellets were rehydrated with normal saline. Animals were



given intraperitoneally ketamine (150 mg/kg) and atro-
pine (250 ug/kg) for anesthesia. Rat corneas were anes-
thetized with 0.5% proparacaine hydrochloride ophthal-
mic solution followed by implantation of the Hydron pellet
into an intracorneal pocket (1 to 2 mm from the limbus).
Six days after implantation animals received heparin
(1000 U) and ketamine (150 mg/kg) intraperitoneally fol-
lowed by 10-ml perfusion of colloidal carbon via the left
ventricle. Corneas were harvested and photographed.
Positive neovascularization responses were defined as
sustained directional in-growth of capillary sprouts and
hairpin loops towards the implant. Negative responses
were defined as either no growth or only an occasional
sprout or hairpin loop displaying no evidence of sus-
tained growth.

Matrigel Model of Cytokine-Induced Murine
Angiogenesis

This model has been extensively characterized by Pas-
saniti et al.3® Briefly, C57BL/6 mice were injected subcu-
taneously with 0.5 ml of Matrigel supplemented with
bFGF (500 ng/ml) to induce the growth of vessels into the
gel. Animals were then injected with BSA, rat IgG, mAb
390, mAb Mec 13.3, or mAb YN1 daily via the intraperi-
toneal route (50 ug/day) for 7 days. After the 7 days, the
animals were killed and the gels were either snap frozen
in OCT for immunohistochemical staining or were pro-
cessed for hemoglobin analysis.®®

Statistical Analysis

Differences among groups were analyzed using one-way
analysis of variance. When statistically significant differ-
ences were found (P < 0.05), individual comparisons
were made using the Bonferroni/Dunn test.

Results

Inhibition of PECAM-1 Function Blocks in Vitro
Endothelial Cell Tube Formation

To determine the role of PECAM-1 during in vitro endo-
thelial cell tube formation,3® TGF-B1 treated rat microvas-
cular endothelial cells were incubated with antagonists of
PECAM-1. Unstimulated negative control cultures grown
in medium without TGF-B1 revealed quiescent cells
showing only rudimentary tubular formations (data not
shown), whereas after 4 days of growth, TGF-B1-treated
cultures displayed extensive tubular networks resem-
bling in vivo capillary beds (Figure 1A). Incubation with
normal rabbit serum (data not shown) and antibody
against angiotensin-converting enzyme (a surface-ex-
pressed endothelial cell molecule) did not interfere with
this tube formation (Figure 1B). In contrast, addition of an
antibody to human PECAM-1 that cross-reacts with rat
PECAM-137-38 throughout the duration of the 4-day cul-
ture significantly inhibited tube formation by RFC (Figure
1C).
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Figure 1.Inhibition of in vitro microvascular tube formation by anti-
PECAM-1 antibody. Three-dimensional cultures were embedded en bloc with
OCT compound, frozen, and 8-um cryosections were generated, acetone-
fixed, and viewed. The following conditions were examined: A, cultures
treated with TGF-B1 at 0.5 ng/ml demonstrating complex branching tube
formation; B, TGF-B1-treated cultures incubated with antibody to angioten-
sin-converting enzyme (ACE), an endothelial cell surface molecule not in-
volved in cell-cell interactions; and C, TGF-Bl-treated cultures incubated
with antibody directed against PECAM-1 showing significantly impaired the
formation of multicellular tubes. Magnification, X100. Scale bar, 100 um. (D)
Tube formation was quantitated by determining the total length of tube
structures (vessel length/mm?; see Methods). Vessel length/mm? was deter-
mined for control (BSA), anti-ACE, anti-PECAM-1, anti-B1, GRGDSP (RGD),
and GRGESP (RGE) peptides present throughout the entire 4-day culture.
Antagonists of PECAM-1 and B1 integrin function significantly inhibited tube
formation. (n = 5 to 15). Data are presented as means * SEM. Statistical
differences were calculated by analysis of variance. *, P < 0.05 when
compared with BSA. .

Quantitation of tube formation and its inhibition is
shown in Figure 1D. Anti-PECAM-1 antibody (anti-
PECAM-1) when present for the entire 4-day culture pe-
riod inhibited tube formation by approximately 40% (P <
0.0001). In contrast, normal rabbit sera (data not shown)
and angiotensin-converting enzyme antisera (anti-ACE)
had no significant effect on in vitro tube formation com-
pared with control (P was not significant). Antibody
against B1 integrin (anti-B1) inhibited tube formation by
47% compared with the control (P < 0.0001), which was
not significantly different from the levels of inhibition
noted for anti-PECAM-1. Incubation with GRGDSP-albu-
min inhibited tube formation by 76%, an effect not seen
with control peptide. Taken together these data suggest
that PECAM-1 interactions have an important role during
in vitro tube formation in this model.
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Figure 2. Effect of anti-PECAM-1 antibody on rat cornea neovascularization.
Shown are representative photomicrographs of rat comeas with pellets
containing bFGF alone (A and B), with nonimmune rabbit IgG (C and D), or
anti-PECAM-1 antibody (E and F). Panels A, C, and E, X25 views and
panels B, D, and F, X50 views. Anti-PECAM-1 completely inhibited neovas-
cularization. Numbers were as follows: bFGF alone, 6 of 6 corneas with a
positive neovascularization response; bFGF with nonimmune rabbit serum, 6
of 6 corneas with a positive neovascularization response; and bFGF with
rabbit polyclonal anti-PECAM-1 antibody, 0 of 6 corneas with a positive
neovascularization response.

A Cross-Reacting Polyclonal Antibody Against
Human PECAM-1 Inhibits Cytokine-Induced Rat
Corneal Angiogenesis

The experiments described above demonstrated that
blockade of PECAM-1-inhibited in vitro rat endothelial
tube formation. To determine whether this was also true
for in vivo angiogenesis of the rat microvasculature, the
effect of blocking PECAM-1 function was assessed in a
well characterized rat corneal micropocket model of neo-
vascularization.®334 After 6 days Hydron pellets contain-
ing bFGF (50 ng/pellet) implanted in rat corneas induced
a brisk neovascular response in this normally avascular
site (Figure 2A and B). Inclusion of nonimmune rabbit IgG
in the pellet had no effect on new vessel formation (Figure
2, C and D). However, this corneal angiogenic response
was completely blocked if antibody against PECAM-1
(500 ng/pellet) that inhibited in vitro rat endothelial tube
formation (see above) was added to the pellet (Figure 2,
E and F). Corneal neovascularization induced by ENA-78
was also completely blocked by this anti-PECAM-1 anti-
body (data not shown).

Antibodies to Murine PECAM-1 Inhibit bFGF-
Induced Murine Angiogenesis

The observation that in vivo rat angiogenesis was
blocked by an antibody to PECAM-1 raised the ques-

Figure 3. Effect of anti-murine PECAM-1 antibodies on bFGF-induced murine
angiogenesis. Shown are subcutaneously implanted Matrigel pellets supple-
mented with bFGF that have been removed from animals injected intraperi-
toneally with BSA (A), anti-ICAM-1, mAb YN1 (C) anti-PECAM-1, mAb 390
(D), nonimmune rat IgG (E), and anti-PECAM-1, mAb Mec 13.3 (F). A pellet
without bFGF from a mouse given BSA intraperitoneally is presented in
panel B. The arrows indicate vessels that are visible in the pellets. Few if any
vessels are visible in the pellets recovered from mice treated with mAbs 390
or Mec 13.3. These data are representative of three separate experiments.

tion of whether this finding was also true for other in vivo
models of angiogenesis. We therefore studied the ef-
fect of two monoclonal antibodies against murine PE-
CAM-1 (mAbs 390 and Mec 13.3) administered daily
via the intraperitoneal route (50 ug/day for 7 days) in a
model of murine angiogenesis in which vessels form
within Matrigel plugs supplemented with bFGF im-
planted subcutaneously for 7 days in C57BL/6 mice.
Compared with control animals treated with BSA, non-
immune rat IgG or the rat anti-mouse ICAM-1 mAb
YN1, the mAbs 390 and Mec 13.3 completely inhibited
the angiogenic response to bFGF (n = 4 or 5) (Figure
3). Immunohistochemical staining demonstrated re-
duced numbers of vessels in gels recovered from an-
imals treated with anti-murine PECAM-1 antibodies
compared with those taken from control animals (data
not shown). As assessed by the hemoglobin concen-
tration in the recovered Matrigel plugs, mAb 390 and
Mec 13.3 reduced the vascularization of the plugs to
background levels (Figure 4). No statistically signifi-
cant differences between BSA and rat IgG or anti-
ICAM-1 antibody were noted.
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Figure 4. Quantitation of the effect of anti-murine PECAM-1 antibodies on
bFGF-induced murine angiogenesis. Hemoglobin concentration of the re-
covered Matrigel pellets for the various antibody conditions is presented
(n = 4 or 5). Background represent hemoglobin in pellets without bFGF that
were removed from animals treated with BSA. Anti-murine monoclonal
antibodies 390 and Mec 13.3 completely inhibited the angiogenic response to
bFGF. Data are presented as means * SEM. Statistical differences were
calculated by analysis of variance. *, P < 0.05 when compared to BSA and not
significant when compared to background.

Discussion

The importance of endothelial cell-substratum adhesion
receptors in the process of angiogenesis has become
increasingly apparent.®® However, the formation of new
capillary structures also depends on the ability of the
endothelial cell to first disrupt its normal cell-cell attach-
ments, migrate, and then form new endothelial cell-cell
interactions that allow blood flow to occur. Because of the
strategic location of PECAM-1 at the endothelial cell-cell
border in both large and small vessel endothelium'8:19:3%
and in three-dimensional capillary networks and the role
of PECAM-1 in initiation of cell-cell contacts in in vitro
experiments,’® we hypothesized that PECAM-1 was im-
portant in angiogenesis and evaluated the conse-
quences of blocking PECAM-1 function with bioactive
antibodies in various models of angiogenesis.

To study the role of PECAM-1 in angiogenesis, we first
used an in vitro model. We chose to use a three-dimen-
sional culture system in which rat fat capillary cells grown
in collagen gels are induced to form capillary-like struc-
tures after the addition of TGF-B.32 Although no in vitro
system exactly mimics in vivo angiogenesis, this model
has been well characterized, can be quantitated, and the
capillary tubes that form bear a strong morphological
resemblance to normal microvessels exhibiting luminal
and abluminal differentiation including abluminal deposi-
tion of basal lamina components, tight junction formation
between endothelial cell processes, and the formation of
lumina. More importantly, a well-characterized polyclonal
antibody to human PECAM-1 that cross-reacted with rat
PECAM-1 was found to block in vitro tube formation by rat
capillary endothelial cells (Figure 1).

The role of PECAM-1 was next studied in two in vivo
model systems. The rodent corneal pellet model has
been used for many years to analyze the ability of sub-
stances to induce or to inhibit angiogenesis.3334 Using
the same cross-reacting polyclonal anti-PECAM-1 anti-
body as was used in the in vitro studies, growth factor-
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induced (bFGF) and chemokine-induced (ENA-78) rat
corneal neovascularization were strongly inhibited (Fig-
ure 2).

To extend these findings to another species as well as
to a second set of independently derived anti-PECAM-1
reagents, experiments were performed in mice using two
distinct rat anti-murine PECAM-1 mAbs. These antibodies
bind to separate epitopes in the second extracellular
immunoglobulin-like domain (H. DeLisser and S. Albelda,
unpublished observations) but have been found to have
differential effects on in vitro PECAM-1-dependent adhe-
sion.*° Mec 13.3 blocks PECAM-1-dependent ho-
mophilic and heterophilic aggregation in mouse L-cells
transfected with murine PECAM-1, whereas 390 only in-
hibits the heterophilic interaction in these transfectants.
For these experiments another well-characterized in vivo
model of angiogenesis was used; migration of new ves-
sels into a growth-factor-laced Matrigel plug.®® Both
monoclonal antibodies against murine PECAM-1 pre-
vented vessel growth into subcutaneously placed gels
supplemented with bFGF, whereas nonimmune rat 1gG
and an endothelial cell-binding control rat mAb against
murine ICAM-1 had no effect (Figures 3 and 4).

These data show that blockade of PECAM-1 can inhibit
angiogenesis in two very different animal models of
growth factor/chemokine-induced angiogenesis. Studies
are currently ongoing to define the role of PECAM-1 in the
more complex process of tumor-induced angiogenesis®®
in which neovascularization arises from the interactions of
multiple stimulatory factors (ie, vascular endothelial cell
growth factor, bFGF, interleukin-8, angiogenin, and oth-
ers) as well as inhibitors of angiogenesis (ie, angiostatin,
thrombospondin, and others).*’

Although our data are consistent with the studies of
Matsumura et al,2® they differ from their report in that they
found that vascular tube formation was inhibited only
when antibodies against either human vascular endothe-
lial cadherin or human PECAM-1 were given together but
not when they were administered singly. The reasons for
this difference are not clear but may be caused by dif-
ferences in the assay systems used and the species
studied.

However, the precise role of PECAM-1 in this process
remains uncertain but is under active investigation. There
are data from previous studies to suggest at least two
possibilities. First, PECAM-1 concentrates at endothelial
intercellular junctions'®'® and endothelial cell plated in
the presence of antibodies to PECAM-1 fail to form tight
monolayers, an effect not seen when antibodies were
added to confluent cultures.'® Antagonism of PECAM-1
may therefore interfere with the initial stabilization of en-
dothelial cell-cell contacts and thus prevent tube forma-
tion. The finding that PECAM-1 localizes to areas of cell-
cell contact is consistent with this suggestion. Second,
integrin-mediated adhesion is crucial for endothelial cell
migration on extracellular matrix proteins.®4' Although
data are currently lacking for endothelial cells, engage-
ment of surface PECAM-1 up-regulates the adhesive
function of B1 and B2 integrins on a variety of leuko-
cytes.23:42-48 Therefore, it is possible that for endothelial
cells binding of endothelial PECAM-1 to its ligand facili-
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tates or triggers endothelial cell migration by augmenting
integrin-dependent adhesion. Given the complexity of
angiogenesis, it is conceivable that both processes may
be involved.

Another layer of complexity with regard to mechanistic
studies is provided by the multiple ligand partners of
PECAM-1. The ligand interactions of PECAM-1 are still
being defined. The molecule has been reported to inter-
act with itself (homophilic adhesion)?32447-50 gnd with an
ever-growing number of heterophilic ligands including
the integrin avB3,5'%2 an unidentified proteogly-
can,*”®"%3 and an unidentified ligand on the surface of
activated T cells.5* Whether PECAM-1-dependent ho-
mophilic or heterophilic interactions are required in an-
giogenesis remains to be determined. It is possible that
both are involved. For example, engagement of
PECAM-1 with its putative proteoglycan ligand in the
surrounding matrix may induce intracellular signals that
up-regulate the function of integrins involved in endothe-
lial cell migration as has been demonstrated for leuko-
cytes,®® whereas PECAM-1-PECAM-1 binding may facil-
itate the stabilization of cell-cell contacts.

An expanding number of functions have been defined
or proposed for PECAM-1.2! Data indicate that PECAM-1
may play important roles in the recruitment of leukocytes
at inflammatory sites,3”°¢-58 cardiovascular develop-
ment,2® release of bone marrow leukocytes,** and T-cell-
mediated immune responses.®*%85° The studies de-
scribed in this report provide additional evidence that
PECAM-1 is also involved in angiogenesis and suggest
that endothelial cell-cell adhesion molecules are impor-
tant in the formation of new vessels. Ultimately, as the role
of PECAM-1 in angiogenesis is better defined, it may
emerge as a possible therapeutic target in pathological
processes dependent on the formation of new blood
vessels.

Acknowledgments

We thank Eugenia Argyris and Mildred Daise for expert
technical assistance and Dr. Alberto Mantovani for help-
ful discussions.

References

1. Arnold F, West DC: Angiogenesis in wound healing. Pharmacol Ther
1991, 52:407-422

2. Folkman J: Clinical applications of research on angiogenesis. N Engl
J Med 1995, 333:1757-1763

3. Folkman J, Shing Y: Angiogenesis. J Biol Chem 1992, 267:10931-
10934

4. McCormick BA, Zetter BR: Adhesive interactions in angiogenesis and
metastasis. Pharmacol Ther 1992, 53:239-260

5. Polverini PJ: Cellular adhesion molecules: newly identified mediators
of angiogenesis. Am J Pathol 1996, 148:1023-1029

6. Bischoff J: Cell adhesion and angiogenesis. J Clin Invest 1997, 99:
373-376

7. Albelda SM, Buck CA: Integrins and other cell adhesion molecules.
FASEB J 1990, 4:2868-2880

8. Hynes RO: Integrins: versatility, modulation, and signaling in cell
adhesion. Cell 1992, 69:11-25

9. Albelda SM: Differential expression of integrin cell-substratum adhe-

10.

11.

12.

13.

14.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

sion receptors on endothelium. Angiogenesis Key Principles-Sci-
ence-Technology-Medicine. Edited by R Steiner, PB Weisz, R Langer.
Basel, Birkhauser Verlag, 1992, pp 188-192

Luscinskas FW, Lawler J: Integrins as dynamic regulators of vascular
function. FASEB J 1994, 8:929-938

Brooks PC, Clark RAF, Cheresh DA: Requirement of integrin avB3 for
angiogenesis. Science 1994, 264:569-571

Brooks PC, Montgomery AMP, Rosenfeld M, Reisfeld RA, Hu T, Klier
G, Cheresh DA: Integrin avB3 antagonists promote tumor regression
by inducing apoptosis of angiogenic blood vessels. Cell 1994 79:
1157-1164

Friedlander M, Brooks PC, Shaffer RW, Kincaid CM, Varner JA,
Cheresh DA: Definition of two angiogenic pathways by distinct av
integrins. Science 1995, 270:1500-1502

Hammes P, Brownlee M, Jonczyk A, Sutter A, Preissner K: Subcuta-
neous injection of a cyclic peptide antagonist of vitronectin receptor-
type integrins inhibit retinal neovascularization. Nature Medicine
1996, 2:529-533

. Lampugnani MG, Resnati M, Raiteri M, Pigott R, Pisacane A, Houen

G, Ruco LP, Dejana E: A novel endothelial-specific membrane protein
is a marker of cell-cell contacts. J Cell Biol 1992, 118:1511-1522

. Aylon O, Sabanai H, Lampugnani M, DeJana E, Geiger B: Spatial and

temporal relationships between cadherins and PECAM-1 in cell-cell
junctions of human endothelial cells. J Cell Biol 1994, 126:247-258

. Breviario F, Caveda L, Corada M, Martin-Padura |, Navarro P, Golay

J, Introna M, Gulino D, Lampugnani MG, Dejana E: Functional prop-
erties of human vascular endothelial cadherin (7B4/cadherin-5), an
endothelium-specific cadherin. Arterioscler Thromb Vasc Biol 1995,
15:1229-1239

. Muller WA, Ratti CM, McDonnell SL, Cohn ZA: A human endothelial

cell-restricted, externally disposed plasmalemmal protein enriched in
intercellular junctions. J Exp Med 1989, 170:399-414

Albelda SM, Oliver PD, Romer LH, Buck CA: Endo-CAM: a novel
endothelial cell-cell adhesion molecule. J Cell Biol 1990, 110:1227-
1237

Newman PJ, Berndt MC, Gorski J, White GC, II, Lyman S, Paddock C,
Muller WA: PECAM-1 (CD31) cloning and relation to adhesion mole-
cules of the immunoglobulin gene superfamily. Science 1990, 247:
1219-1222

Delisser HM, Newman PJ, Albelda SM: Molecular and functional
aspects of PECAM-1/CD31. Immunol Today 1994, 15:490-495
Romer LH, McLean NV, Yan H-C, Daise M, Sun J, DeLisser HM:
IFN-v, and TNF-a induce redistribution of PECAM-1(CD31) on human
endothelial cells. J Immunol 1995, 154:6582-6592

Matsumura T, Wolff K, Petzelbauer P: Endothelial cell tube formation
depends on cadherin 5 and CD31 interactions with filamentous actin.
J Immunol 1997, 158:3408-3416

Albelda SM, Muller WA, Buck CA, Newman PJ: Molecular and cellular
properties of PECAM-1 (endoCAM/CD31): a novel vascular cell-cell
adhesion molecule. J Cell Biol 1991, 114:1059-1068

Vecchi A, Garlanda C, Lampugnani MG, Resnati M, Matteucci C,
Stoppacciaro A, Schnurch H, Risau W, Ruco L, Mantovani A, Dejana
E: Monocional antibodies specific for endothelial cells of mouse
blood vessels: their application in the identification of adult and
embryonic endothelium. Eur J Cell Biol 1994, 63:247-254

Baldwin HS, Shen HM, Yan H-C, DeLisser HM, Chung A, Mickanin C,
Trask T, Kirschbaum NE, Newman PJ, Albelda SM, Buck CA: Platelet
endothelial cell adhesion molecule-1 (PECAM-1/CD31): alternatively
spliced, functionally distinct isoforms expressed during mammalian
cardiovascular development. Development 1994, 120:2539-2553
Burns AR, Takei F, Doerschuk CM: Quantitation of ICAM-1 expression
in mouse during pneumonia. J Immunol 1994, 153:3189-3198
Basson CT, Knowles WJ, Bell L, Albelda SM, Castronovo V, Liotta L,
Madri JA: Spatiotemperal segregation of endothelial cell integrin and
non-integrin extracellular matrix binding proteins during adhresion
events. J Cell Biol 1990, 110:789-801

Madri JA, Williams SK: Capillary endothelial cell cultures: phenotypic
modulation by matrix components. J Cell Biol 1983, 97:153-165
Merwin JR, Madri JA, Lynch M: Colon carcinoma cell binding to
ELAM-1 transfected endothelia. Biochem Biophys Res Commun
1992, 189:315-323

Romanic A, Madri JA: The induction of 72 kDa gelatinase in T cells
upon adhesion to endothelial cells is VCAM-1 dependent. J Cell Biol
1994, 125:1165-1178



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

44,

45.

Madri JA, Pratt BM, Tucker AM: Phenotypic modulation of endothelial
cells by transforming growth factor-B depends upon the composition
and organization of the extracellular matrix. J Cell Biol 1988, 106:
1375-1384

Arenberg DA, Kunkel SL, Polverini PJ, Glass M, Burdick MD, Strieter
RM: Inhibition of interlukin-8 reduces tumorigenesis of human non-
small cell lung cancer in SCID mice. J Clin Invest 1995, 97:2792-2802
Arenberg DA, Kunkel SL, Polverini PJ, Morris SB, Burdick MD, Glass
M, Taub DT, lannettoni MD, Whyte R, Strieter RM: Interferon-ginduc-
ible protein 10 (IP-10) is an angiostatic factor that inhibits human
non-small cell lung cancer (NSCLC) tumorigenesis and spontaneous
metastases. J Exp Med 1996, 184:981-992

Passaniti A, Taylor RM, Pili R, Guo Y, Long PV, Haney JA, Pauly RR,
Grant DS, Martin GR: A simple, quantitative method for assessing
angiogenesis, and antiangiogenic agents using reconstituted base-
ment membrane, heparin, and fibroblast growth factor. Lab Invest
1992, 67:519-528

Merwin JR, Anderson JM, Kocher O, Van ltallie CM, Madri JA: Trans-
forming growth factor-g 1 modulates extracellular matrix organization
and cell-cell junctional complex formation during in vitro angiogene-
sis. J Cell Physiol 1990, 142:117-128

Vaporciyan AA, DeLisser HM, Yan H-C, Mendiguren |I, Thom SR,
Jones ML, Ward PA, Albelda SM: Involvement of platelet-endothelial
cell adhesion molecule-1 in neutrophil recruitment in vivo. Science
1993, 262:1580-1582

Wakelin MW, Sanz M-J, Dewar A, Albelda SM, Larkin SW, Williams TJ,
Boughton-Smith N, Nourshargh S: An anti-PECAM-1 antibody (CD31)
antibody inhibits leukocyte extravasation across mesenteric mi-
crovessels in vivo by blocking the passage through the basement
membrane. J Exp Med 1996, 184:229-239

Berger R, Albelda SM, Berd D, loffreda M, Whitaker D, Murphy GF:
Expression of platelet-endothelial cell adhesion molecule (PECAM-1)
during melanoma-induced angiogenesis in vivo. J Cutan Pathol 1993,
20:399-406

Yan H-C, Baldwin HS, Sun J, Buck CA, Albelda SM, DeLisser HM:
Alternative splicing of a specific cytoplasmic exon alters the binding
characteristics of murine platelet/endothelial cell adhesion mole-
cule-1 (PECAM-1). J Biol Chem 1995, 270:23672-23680

Hanahan D, Folkman J: Patterns, and emerging mechanisms of the
angiogenic switch during tumorigenesis. Cell 1996, 86:353-364
Tanaka Y, Albelda SM, Horgan KJ, van Seventer GA, Shimizu Y,
Newman W, Hallam J, Newman P, Buck CA, Shaw S: CD31 ex-
pressed on distinctive T cell subsets is a preferential amplifier of b1
integrin-mediated adhesion. J Exp Med 1992, 176:245-253

. Piali L, Albelda SM, Baldwin HS, Hammel P, Gisler RH, Imhof BA:

Murine platelet endothelial cell adhesion molecule (PECAM-1)/CD31
modulates B2 integrins on lymphokine-activated killer cells. Eur J Im-
munol 1993, 23:2464-2471

Leavesley DI, Oliver JM, Swart BW, Berndt MC, Haylock DN, Sim-
mons PJ: Signals from platelet/endothelial cell adhesion molecule
enhance the adhesive of the very late antigen-4 integrin of human
CD34* haematopoietic progenitor cells. J Immunol 1994, 153:4673~
4683

Berman ME, Muller WA: Ligation of platelet/endothelial cell adhesion
molecule 1 (PECAM/DC31) on monocytes and neutrophils increases
the binding capacity of leukocyte CR3 (CD11b/CD18). J Immunol
1995, 154:299-307

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

PECAM-1 and Angiogenesis 677
AJP September 1997, Vol. 151, No. 3

Berman ME, Xie Y, Muller WA: Roles of platelet/endothelial cell ad-
hesion molecule-1 (PECAM-1, CD31) in natural killer cell transendo-
thelial migration and B2 integrin activation. J Immunol 1996, 156:
1515-1524

Watt SM, Williamson J, Genevier H, Fawcett J, Simmons DL, Hatzfeld
A, Nesbitt SA, Coombs DR: The heparin binding PECAM-1 adhesion
molecule is expressed by CD34* hematopoietic precursor cells with
early myeloid and B-lymphoid cell phenotypes. Blood 1993, 82:
2649-2663

Lastres P, Almendro N, Bellén T, Lépez-Guerrero JA, Eritia R,
Bernabéu C: Functional regulation of platelet/endothelial cell adhe-
sion molecule-1 by TGF-b1 in promonocytic U-937 cells. J Immunol
1994, 153:4206-4218

Sun Q-H, Delisser HM, Zukowski MM, Paddock C, Albelda SM,
Newman PJ: Individually distinct |g homology domains in PECAM-1
regulate homophilic binding and modulate receptor affinity. J Biol
Chem 1996, 271:11090-11098

Sun J, Williams J, Yan H-C, Amin KM, Albelda SM, DeLisser HM:
Platelet endothelial cell adhesion molecule-1 (PECAM-1) homophilic
adhesion is mediated by immunoglobulin-like domains 1 and 2 and
depends on the cytoplasmic domain and the level of surface expres-
sion. J Biol Chem 1996, 271:18561-18570

Piali L, Hemmel P, Uherek C, Bachmann F, Gisler RH, Dunon D, Imhof
BA: CD31/PECAM-1 is a ligand for a, B3 integrin involved in adhesion
of leukocytes to endothelium. J Cell Biol 1995, 130:451-460
Buckley CD, Doyonnas R, Newton JP, Blystone SD, Brown EJ, Watt
SM, Simmons DL: Identification of a,B5 as a heterotypic ligand for
CD31/PECAM-1. J Cell Sci 1996, 109:437-445

DeLisser HM, Yan H-C, Newman PJ, Muller WA, Buck CA, Albelda
SM: Platelet/endothelial cell adhesion molecule-1 (CD31)-mediated
cellular aggregation involves cell surface glycosaminoglycans. J Biol
Chem 1993, 268:16037-16046

Prager E, Sunder-Plassmann R, Hansmann C, Koch C, Holter W,
Knapp W, Stockinger H: Interaction of CD31 with a heterophilic
counterreceptor involved in downregulation of human T cell re-
sponses. J Exp Med 1996, 184:41-50

Liao F, Huynh HK, Eiroa A, Greene T, Polizzi E, Muller WA: Migration
of monocytes across endothelium and passage through extracellular
matrix involve separate molecular domains of PECAM-1. J Exp Med
1995, 182:1337-1343

Bogan S, Pak J, Garifallou M, Deng X, Muller WA: Monoclonal anti-
body to murine PECAM-1 (CD31) blocks acute inflammation in vivo. J
Exp Med 1994, 179:1059-1064

Murohara T, Delyani JA, Albelda SM, Lefer AM: Blockade of platelet
endothelial cell adhesion molecule-1 protects against myocardial
ischemia and reperfusion injury. J Immunol 1996, 156:3550-3557
Torimoto Y, Rothstein DM, Dang NH, Schlossman SF, Morimoto C:
CD31, a novel cell surface marker for CD4 cells of supressor lineage,
unaltered by state of activation. J Immunol 1992, 148:388-396
Zehnder JL, Shatsky M, Leung LLK, Butcher EC, McGregor JL, Levitt
LJ: Involvement of CD31 in lymphocyte-mediated immune responses:
importance of the membrane proximal immunoglobin domain and
indentification of an inhibiting CD31 peptide. Blood 1995, 85:1282-
1288



